Computed tomography (CT) was first developed to measure accurately radiographic density, rather than as a method of imaging. 19 Although subsequent development concentrated on the imaging potential of the method, some recent studies have used the ability of the method to quantify radiographic density, to provide precise measurements of lung regions and infer differences in regional properties.
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CT measures the radiographic density of an array of small discrete parts of the body. Usually, each of these parts in a single tomographic slice is represented as a pixel, and these pixels are displayed as the units of a two-dimensional image. The operator allocates a range of grey shades between black and white (tone range) to a particular range of radiographic densities, so that the densities of interest lie between black and white in the visual image. For example, when the details of lung tissue are of interest in the image, the density window (measured in Hounsfield units, HU) often chosen is from 9500 (black) to 9200 (white). These settings can be expressed in terms of the window centre and width. Lung tissue, containing a large proportion of air, has a range of radiographic densities much less than other body tissues, for example the soft tissues of the mediastinum. Consequently, details of lung structure can be shown more clearly by expressing this narrow range of low densities over the whole visual range from black to white. The grey scale that shows how the black and white visual image is related to radiographic density is displayed at the edge of most CT images, and can be altered by the operator to enhance the features of interest.
Each CT image therefore consists of an array of small squares, each with a discrete grey value, that represents the mean radiographic density of a cylinder of tissue, or voxel. The end is represented in position and area by the pixel, and the length is the thickness of the CT slice. Although the visual image is often altered to improve the contrast of specific features, the original radiographic density values can be used to obtain more specific information about the properties of the materials studied.
Radiographic density is the property of materials to absorb electromagnetic radiation. This radiation is exponentially reduced on passage through materials, so that the intensity (I) after passing a distance (x) (Br. J. Anaesth. 1998; 80: 665-671) Keywords : measurement techniques, computed tomography; ventilation, regional; lung, volume through a material can be expressed:
where I 0 :radiation intensity incident on the material and :linear attenuation coefficient for the material. Attenuation of electromagnetic radiation is mainly by two processes, photoelectric absorption and Compton scattering. Consequently, factors that influence attenuation include the physical density of the material, and the atomic number, electron density and mass electron density of the materials. With an energy spectrum of 120-140 keV, which is the energy used for medical radiology, attenuation is mainly by Compton scattering, which depends on the electron density of the material. As the relationship between electron density and physical density is relatively constant for most materials, there is a good relationship between attenuation and electron density and a reasonable relationship with physical density. A series of exact shapes made from different woods have a linear relationship between physical and radiographic density, in the range 0.37-0.9 g cm 93 , but the relationship is non-linear at greater densities. 34 However, water, which is an important body constituent, does not follow exactly the same relationship as other materials. 34 44 Absorption of radiation which has lower energy is by photoelectric absorption, and this depends more on the atomic number of the material. Consequently, physical density and radiographic density may be variably related according to the range of electron energies from the source, because the absorption of radiation with different energies varies with the material studied. 37 This is made more complex by the more marked attenuation of the lower energies (beam hardening). Variations in operating energy can cause significant error in measurements, 56 and change in position of the subject in the x-ray beam can also affect the results. 26 Another potential source of error is variation in detector gain, which is more likely with measurements of low attenuation materials such as the lung. 56 Density assessments between different scanners may differ significantly. 26 However, despite these sources of variation, repeat measurements in optimal conditions can be highly reproducible.
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Partial volume effects
When CT is used to measure lung density, dense tissues adjacent to the lung can influence the average slice density. This is because of the limited spatial REVIEW ARTICLE G. B. DRUMMOND, MA, FRCA, University Department of Anaesthetics, Royal Infirmary, Edinburgh EH3 9YW. resolution of the system, so that a single voxel may contain both lung tissue and also some adjacent dense tissue in the slice. This is the partial volume effect. This effect becomes greater when the overall area of the lung slice is small. However, the effect is predictable and a correction can be applied. Such slices are obviously present at the lung apex, but there are also small areas in the crescentic slices posterior to the diaphragm at the lung base. 4 Pulsation of blood vessels, over the time necessary for a scan, is another factor that increases the density of a voxel.
Radiographic density is most often expressed in Hounsfield units, a dimensionless index of attenuation that is related to the attenuation of air and water. The attenuation coefficient of air is allocated a value of 91000, and water is allocated an attenuation coefficient of zero.
The attenuation value, CT m :1000. ( m -w )/( w -a ) where w , a and m :attenuation values for water, air and the tissue being measured, respectively. If a linear relationship is assumed between Hounsfield number and density, then radiographic density values from CT provide a non-invasive and anatomically localized index of tissue density. In the lung, the relative content of air and solid material (either tissue, or blood and other fluid such as oedema) can be calculated with reasonable confidence. The volume of solid organs can be measured to within 5% using CT. 1 Determination of the boundaries between lung and chest wall can be difficult, particularly if collapsed lung tissue is present. 20 Studies have used threshold values of 9200 HU to distinguish lung from soft tissue, although in some disease states lung tissue may have densities greater than this. Operatorcontrolled measurement of lung density can vary by up to 15 HU for regional measurements, and poor patient co-operation has a large effect. Semiautomatic methods can improve reproducibility although density estimates are greater because of partial volume effects. 20 Regional changes in radiographic density of the lung in association with abnormalities of regional ventilation have been described since the 1930s, and changes in direct x-ray density during the breathing cycle were related to local pathology in the 1960s. 23 Although CT studies of changes in lung tissue during respiration are limited, because of the radiation burden, there are reports of changes in lung properties with changes in lung volume in normal subjects, 45 in patients during anaesthesia 14 and in intensive care.
REGIONAL DIFFERENCES
How can the regional differences in radiographic density be related to lung expansion, and changes in radiographic density related to regional ventilation? First, we must establish a logical way to express regional ventilation. When a whole excised lung is inflated, expansion is relatively uniform. In an excised lung, therefore, lung volume could be expressed in terms of a proportion of the volume of the lung at any value convenient position on its pressure-volume characteristic. The most logical volume to use is total lung capacity (TLC). The degree of expansion of the lung is expressed as a fraction of the volume it would occupy at TLC. This approach is necessary because in vivo, the lung is often not uniformly expanded. This method takes into account regional variations in expansion, by expressing the volume of a lung region as a proportion of the volume it can potentially occupy. 32 As lung tissue is almost uniformly distended at TLC, even within the thorax, this allows an expression of ventilation as if it were "per alveolus". Although this approach allows expression of the relative expansion of the lung regions, it requires knowledge of the volume of that region at TLC. When regional expansion is measured by the now classical technique of the inhaled radioactive isotope 133 Xe, using external scintillation counters, this knowledge can be obtained from the counts taken during a breath-hold at TLC, with a uniform lung gas tracer concentration. In this way, having measured regional lung volume, regional differences in ventilation can be subsequently expressed in terms of "ventilation per maximal lung volume for that region". 31 Clearly, if different denominators were to be used to express the expansion of different lung regions, we would obtain illogical results. For example, consider a poorly expanded lung region that is at 10% of its maximal volume and is then expanded to 20% of its maximal volume. If we were to express its expansion in terms of its starting volume, then it would appear to have been expanded by 100%, whereas it has expanded by only 10% of its potential total volume. Therefore, if we are to use radiographic density changes to assess regional expansion and ventilation, we should not consider changes in density in terms of starting density, but rather in terms of the density of the region of interest at full lung expansion.
Denison, Morgan and Millar measured the density of the lung at full expansion. 3 They compared CT measurements of the lung with measurements of a foam-like model surrounded in a body-like shell to simulate the effects of beam hardening. They used bread with a range of consistencies-from moist pumpernickel to dry baguette-to simulate lung densities in conditions from fibrosis to emphysema. They were able to estimate density of the model substances accurately with CT and also measure precisely a volume of water injected into the bread. Normal lungs in supine subjects had a tissue volume of approximately 0.12 ml per ml of total volume at total lung capacity. They noted that in supine subjects, their measurements of density increased at both the apex and base of the lung, and suggested that this was the result of partial volume effects which makes measurements in these lung regions unreliable. On the basis of their estimates of density we can predict the relationship between lung expansion, expressed as a fraction of total lung capacity, physical density in g ml From the previous definition of the Hounsfield unit, radiographic density (Hounsfield units):
(D VL 1000)91000. This relationship for the lung is shown in figure 1 .
The practical consequences of this reciprocal relationship are illustrated by the example in figure 2 .
Lung tissue at FRC is not homogeneously distended. The less well expanded lung has a greater density, as the same mass of tissue occupies a smaller volume. If during an inspiration, ventilation distribution throughout the lung is uniform (in proportion to the volume at TLC) then the less well expanded regions will have a greater change in radiological density.
What components of the lung contribute to radiological density? In normal lungs, these are alveolar gas, lung tissue and blood in the capillaries. Increasing distension of the lung during inspiration leads to a progressive reduction in radiological density of the entire lung. 4 45 46 55 There is a vertical gradient in lung density which can be related, at least in part, to the gradient in regional expansion. This gradient becomes less as lung volume increases towards TLC. 45 46 55 57 The distribution of density values in the entire lung, which is unimodal during maximal inspiration, becomes bimodal during expiration, an effect which is seen only in the dependent parts of the lung. 46 55 In animal studies, CT density was relatively constant for any particular vertical height, but CT measurements of lung gas volume systematically underestimated gas volume measured by helium dilution. 54 Some of this systematic error is caused by partial volume effects. In lung disease such as emphysema where the relative volume of gas is increased 30 or fibrosis where the tissue volume is greater, 13 changes in CT density can be related to clinical, physiological, and pathological features.
In abnormal lungs, there may also be a considerable amount of extravascular water in the form of oedema, either interstitial or in the airspaces. For example, haemodialysis can reduce overall lung density, both in aerated regions with densities of 9350 HU, and also in less well aerated regions with densities of 950 HU. 55 When experimental pulmonary oedema is caused by increasing left atrial pressure, lung density increases by approximately 70%. The increase is more pronounced in central and dependent lung regions. 18 In patients with chronic heart disease, where pulmonary vascular hypertrophy is likely, lung density measurements with CT can be related to the degree of pulmonary hypertension. 53 In addition, it is clear from early x-ray density studies that the fluctuations in pulmonary artery pressure and x-ray density are closely related, indicating that changes in the volume of pulmonary vascular structures within the lung tissue have an important effect on radiological density. 25 A valuable study used positron tomography to provide separate estimates of the tissue and blood components in suspine subjects, breathing at normal tidal volumes. Measurements were made over 15-min Figure 1 Relationship between regional volume and radiographic density, for a lung density of 0.12 g cm 93 at total lung capacity (TLC). Figure 2 Illustration of changes in density with uniform regional ventilation. At functional residual capacity (FRC), lung tissue is less expanded in dependent regions (at 40% of the volume at total lung capacity (TCL)) than in the upper regions (70% of TLC volume). These regions still consist of the same mass of tissue that they had at TLC, but they now fill less volume: for example, the density of the lower region is now 100/40 greater than at TLC. If the lung then expands uniformly by 20% of TLC volume, the relative change in density is far greater in the dependent region.
period. This method did not have very good spatial resolution (1.6 cm) and therefore partial volume effects from overlapping of different tissues were great. Nevertheless, by using both transmission tomography with a source of 68 Ge, and emission tomography after labelling blood with 11 C carbon monoxide, the separate contributions of lung tissue density and blood density were separated in five volunteers. Most of this gravitational gradient in density was attributable to blood and only a small amount to extravascular structures, considered to mostly represent lung tissue. 44 Such observations are consistent with direct measurements of capillary blood and tissue expansion in animal studies 8 9 and are supported by CT studies in dogs, 54 and observations by CT studies in humans. Such studies show a gradient in lung density from ventral to dorsal regions, which is reduced but not abolished on inspiration. 33 45 The gradient in density is reduced as transpulmonary pressure increases, but is still prominent at a transpulmonary pressure of 15 cm H 2 O and is not affected by voluntary inspiration that increases transpulmonary pressure to 20 cm H 2 O. 57 Such findings should be compared with measurements of the gradient of alveolar volume by radioactive gas tracer methods, which show that the alveoli become progressively more uniformly expanded as overall lung volume increases, and hence the gravitational gradient in alveolar size becomes progressively less with increasing transpulmonary pressure. 31 The discrepancies between the vertical distribution of alveolar volume, uniform at TLC, and the vertical distribution of radiological density, which persists at TLC, show clearly that radiological density does not merely measure "aeration" but a combination of aeration, blood volume and interstitial fluid volume. As blood has a much greater density, small changes in blood volume can affect radiological density far more than expansion or contraction of aerated lung tissue. For example, a Valsalva manoeuvre can decrese lung radiological density, particularly in more dense regions, although lung volume and alveolar expansion are not affected. 46 If we wish to relate accurately changes in lung radiological density to changes in alveolar volume (i.e. to infer changes in regional expansion or regional ventilation) then this is possible only if we know that the blood volume of the region remains unaltered. This may be a reasonable assumption for one gravitational level in the lung. If we compare different levels, then it must be remembered that absolute densities at TLC are different. Millar and Denison 33 conducted an elegant study of the vertical gradient in CT density of the lungs of normal subjects. They found a discrepancy between the theoretical density of the lung, calculated on the basis of a simple hydraulic gradient of pressure in lung tissue, and the actual radiological density of the lung (fig. 3) . They suggested that the discrepancy was because blood vessels increased in size in more dependent parts of the lung, imposing a second gradient in the tissue mass that contributes to radiological density. This effect is not relevant when regional volume change is considered on the basis of volume/maximal volume, as the tissue mass plays a negligible role in this estimate.
These considerations indicate that the vertical gradient in CT density is likely to be the result of two factors: distribution of blood volume and distribution of lung expansion. The relative importance of these factors is not clear. How much these factors interact is also unclear, and such interactions may also be affected by mechanical ventilation, changes in circulating lung volume, pulmonary haemodynamics or pulmonary vascular disease.
Lung density changes with position, 7 vertical gradient 36 and positive end-expiratory pressure 5 have been studied in normal subjects and patients with ARDS in a series of studies by Gattinoni and his team, which have been summarized recently. 35 They computed the regional distribution of tidal volume, but expressed this as a fraction of the volume of the lung section measured, not as a fraction of lung volume at TLC. 6 This would not have been possible in patients with severe oedema and other pathological changes in the lung, as the ratio of gas to total weight, when lung tissue is fully distended, is unknown. They found an increase in vertical density gradient in patients with ARDS. Such a density gradient has been reported in alveolar oedema, but not in interstitial oedema. 58 They found that positive endexpiratory pressure allowed dependent lung regions to remain distended and thus the distribution of ventilation became more homogenous. A potential source of error that these workers did not consider is the possibility that when alveolar pressure was increased, blood volume in capillaries could have been reduced, and this could decrease CT density. Such a decrease in density would, on the basis of their analysis, be interpreted as an increase in gas volume, and hence ventilation. For example, they reported that by increasing values of PEEP over a threshold value, there was a decrease in density in some lung slices, particularly the dependent ones. They attributed this to the pressure necessary to open compressed lung units, but a similar change could occur if the pressure were reducing tissue volume. Puybasset and co-workers have also used CT measurements in patients with ARDS to assess the Figure 3 Predicted (lines) and observed (symbols) values for lung density, at total lung capacity (TLC) and residual volume (RV). Data are re-plotted from Millar and Denison. 33 Note the deviation of the observed densities, indicating that density is affected by an additional gradient, probably vascular tissue volume.
distribution of disease, 39 anatomical changes 38 and aeration. 40 Hedenstierna and co-workers, in a series of studies over many years, 2 10-12 14- 17 21 22 27 28 41 42 47 48 50 51 have studied the development of apparent atelectasis ("contrasting densities") in subjects during anaesthesia and after abdominal surgery. Small patches of increased density developed during anaesthesia in dependent lung regions, and would move if the position of the subject changed. These appearances could be prevented or reduced by selective inflation of the dependent lung if the subject was in the lateral position, 22 or by phrenic nerve stimulation in the supine subject. 16 The increased density was related to gas exchange abnormality, particularly shunt, measured by the inert gas infusion method. However, the exact relationship between these areas of increased density and overall gas exchange impairment was not clear. For example, gas exchange efficiency during anaesthesia decreases with age, associated with an increase in lung regions with a small V/Q ratio, whereas the amount of increased density found on CT in older subjects was no greater than in younger subjects, and there was no relationship between shunt and age. Nevertheless, areas with increased radiological density on CT corresponded to areas of low ventilation/perfusion detected by independent methods of measuring distribution of ventilation and blood flow. In some circumstances, such as ketamine anaesthesia, in which lung volume did not decrease after induction of anaesthesia, such CT changes were not detected. 52 The areas of increased density appeared to be made worse by 100% oxygen: subjects given 100% oxygen for 3 min before induction of anaesthesia had both a greater shunt and more radiological opacity. 42 Although these workers generally used a visual method to identify areas of atelectasis in a single transverse CT image, usually taken just above the diaphragm, they subsequently showed that this particular region may not be greatly representative of the lung as a whole. For example, in nine anaesthetized supine patients, the mean distribution of blood flow to the most caudal CT slice was less than 10%, in contrast with the 70% for two slices that were placed closer to the carina. 51 Retrospective analysis of their radiological data showed that in awake subjects there was a single population of densities of lung voxels, with a mean density of approximately 9790 HU. After induction of anaesthesia, a small separate population of voxel densities was commonly found with densities of 9100 to ;100, although in some subjects the density of this second population was less, with densities in the range 9300 to ;50.
29 Previous workers have reported a population of voxels with a greater density, of about this range of values, that became evident in expiration in normal conscious subjects. 46 55 The 95% confidence limits for estimates of areas of increased density were more than 1%, and mean area was 3.7%, so the precision of the previous method of visual identification is not very great. This poor precision was often not apparent in previous studies where analysis had been made using regression methods only. Furthermore, in none of these studies does the assessment appear to have been performed using observers who were unaware of the state of the patient.
The hypothesis generated by these measurements is that the association between lung volume decreases and the appearance of areas of atelectasis is causal. 2 However, two similar studies do not directly support this causal link. First, CT studies in dogs during pentobarbital anaesthesia showed few and less marked densities. 28 The authors expressed some reservations about these findings and suggested that these increased densities could have been caused by vascular congestion. As blood is probably the most important component of the radiographic density of normal lungs, even small increases in capillary volume increase density considerably. Second, when lung volume was reduced in conscious human subjects, by physical restriction and compression of the chest wall, no regions of increased density were noted. Values for mean radiographic density were not reported in this study, although these would have been of considerable interest. 49 The same group of investigators reported changes in radiographic density in the entire lung, before and after induction of anaesthesia. 41 Despite the fact that lung volume is usually reduced by anaesthesia, mean lung radiographic density did not alter. They also examined regional changes in lung density and compared awake and anaesthetized patterns, but in their analysis they assumed that gas distribution was proportional to changes in attenuation.
If the changes in density with respiration are to be used to infer regional changes in volume, the regional density at TLC has to be known. Different values are reported, and density changes with the range of the vertical height of the lung because blood content is greater in dependent regions. However, a careful study of lung mechanics and CT changes in supine subjects reported that near TLC, the upper and lower parts of the lung have densities of approximately 9890 HU and 9850 HU, respectively. 57 Based on the relationship derived above, this gives the relationships between ventilation and radiological density, for upper and lower parts of the lung, shown in figure 4 .
Measurements with 133 Xe showed that the regional volumes of the upper and lower parts of the lung in a supine subject are approximately 35% and 55% of the volume at TLC 31 and these correspond with the CT density measurements at FRC reported by Reber and colleagues. 41 Figure 4 indicates that at these volumes there are obvious differences in slope of the CT density-regional volume plot, between upper and lower zones. Despite the CT density change being approximately twice as large in the dependent slices, it is clear that the reported changes in CT density represent similar changes in regional volume for the upper and lower parts of the lung.
If we assume a uniform change in lung density from upper to dependent regions, from 0.11 to 0.15, we can infer regional ventilation using the mean radiographic density data provided by Reber and co-workers 41 ( fig. 5 ). The distribution of ventilation is almost uniform in conscious subjects but becomes much more distributed to the upper zones after induction of anaesthesia and mechanical ventilation.
These inferences correspond with measurements of diaphragm images made with a multiple CT method 24 and earlier tracer studies. 43 However, when the volume change for tidal breath during mechanical ventilation is calculated, the value obtained is less than during spontaneous ventilation. This is unlikely, because generally tidal volume is greater during mechanical ventilation. There are several possible explanations. First, the behaviour of this slice may not be the same during spontaneous and mechanical ventilation modes. The ribcage moves more during mechanical ventilation, and regional lung expansion may be altered between the two types of ventilation. More likely, there may be differences in pulmonary capillary blood volume, particularly differences in the shifts of pulmonary capillary blood with respiration, which could explain this discrepancy.
In summary, if appropriate consideration is given to the characteristics of absorption, measurements of radiographic density of the lung allow useful inferences to be made about the distribution of gas, blood and tissue volume. However, comparisons are difficult when more than one component changes simultaneously. The measurements have some inaccuracies, particularly partial volume effects. Finally, radiation exposure limits the use in experimental circumstances, so that studies are limited to those where one or two "snapshots" of lung density can be rewarding. Figure 5 Regional ventilation in the conscious subject (top) and during anaesthesia and mechanical ventilation (bottom) for lung levels from upper (ventral-level 1) to lower (dorsal-level 5). Closed symbols indicate values for expiration and open symbols inspiration. The horizontal distance between the symbols therefore represents regional ventilation. Data calculated from mean values given in Reber and colleagues. 41 
